We present SMURF-seq, a protocol to efficiently sequence short DNA molecules on a long-read sequencer by randomly ligating them to form long molecules. Applying SMURF-seq using Oxford Nanopore Technologies MinION yields up to 30 countable fragments per read at present, which generates multiple copy number profiles in a single run at a reduced time and cost. More broadly, SMURF-seq expands the utility of long-read sequencers for read-counting applications, which do not benefit from increased read length.
for a "full" run before it can be processed. The MinION sequencer has an accessible buy-in, and is easy to use, but has optimal throughput when producing reads that are orders of magnitude longer than needed for CNV profiling.
To make full use of these advantages, we introduce sampling molecules using re-ligated fragments (SMURF)-seq, a protocol to efficiently sequence short DNA molecules on a long-read sequencer for readcounting applications by concatenating short fragments into very long molecules (∼8 kb) prior to sequencing. The concept of ligating short molecules before sequencing was introduced in serial analysis of gene expression (SAGE) [10] and subsequently used in short multiply aggregated sequence homologies (SMASH) for CNV profiling using Illumina short read data [11] . SMURF-seq differs from these methods in that (1) the fragmented and re-ligated molecules are longer and the molecule lengths can be highly variable, as suited for long-read sequencing, (2) the protocol involves fewer steps, which in combination with short library preparation time produces sequence data in a few hours, and (3) the sequenced reads are mapped using an approach that tolerates the high error rate of the reads associated with long-read sequencers. Thus SMURF-seq alleviates the issues associated with sequencing short molecules on a long-read sequencer (Supplementary note) and yields sufficient mappable fragments to generate genome-wide CNV profiles on multiple samples in a single run.
For copy number applications described here, the SMURF-seq protocol involves cleaving the genomic DNA into molecules of length that are uniquely mappable to the reference genome. These fragmented molecules are then randomly ligated back together to form artificial, long DNA molecules. The long religated molecules are sequenced following the standard MinION library preparation protocol. SMURF-seq reads are then mapped to the reference genome by splitting them into multiple fragments, each aligning to a distinct region in the genome (Fig. 1) . Mapped fragments are grouped into variable length 'bins' across the genome and bin counts are used to generate CNV profiles as described in [12] .
Specifically, the genomic DNA was fragmented using restriction enzymes that have a mean length between restriction sites of approximately 150 bp. We tested SaqAI and Hin1ll restriction enzymes, which produce molecules with mean lengths of 150.2 bp and 208.9 bp respectively ( Supplementary Fig. 1 ). The fragmented DNA molecules were then randomly ligated with T4 DNA ligase enzyme ( Supplementary Fig. 1 ). The resulting long DNA molecules were sequenced following two standard MinION library preparation protocols that are available. SMURF-seq protocol is completely enzymatic and takes less than 90 minutes to complete (Supplementary Fig. 2 and Supplementary Note). We also tested dsDNA Fragmentase enzymes (New England Biolabs) and acoustic shearing (Covaris) to fragment DNA. However, these methods need an additional end-repair step after fragmentation and the ligated molecules were shorter (Supplementary Note).
The reads sequenced using SMURF-seq were mapped to the reference genome by identifying the boundaries of fragments within the reads, done using the seed-and-extend paradigm implemented in BWA-MEM [13] . Briefly, the seed hits from different fragments within a read cluster at different regions of the reference genome. Nearby clusters are joined, and then extended, eventually resulting in one alignment per fragment. BWA-MEM identifies fragment locations with higher than 98.1% precision and 82.6% recall on simulated reads generated by concatenating uniquely mapped fragments (Supplementary Note). These results indicate that (1) existing algorithms, like BWA-MEM, are sufficiently accurate for identifying fragments in SMURF-seq reads, and (2) there is room for improvements in data analysis for SMURF-seq, further improving accuracy of downstream results (e.g. CNV profiles) and total information yield per nucleotide sequenced.
To demonstrate the utility of SMURF-seq, we generated CNV profiles of normal diploid and highly rearranged cancer genomes. Normal diploid female genome was sequenced with SMURF-seq and 267.80k reads (mean read length of 7.1 kb) were generated in one run, which were split into 6.84 million fragments (25.56 mean fragments per read). A flat CNV profile was obtained as expected ( Fig. 2a and Supplementary  Fig. 3 ). Then SMURF-seq was applied to a breast cancer line SK-BR-3 and 146.08k reads (mean read length of 8.1 kb) were generated, which were split into 4.24 million fragments (29.03 mean fragments per read). Using a CNV profile obtained by sequencing ∼175 million 100 bp paired-end reads from whole genome sequencing (WGS) of SK-BR-3 cells as the gold standard ( Supplementary Fig. 9 ), the profile obtained using SMURF-seq is identical to the gold standard (Pearson r = 0.97; Fig. 2b, c and Supplementary Fig. 4 ). 5k bins approximately 600 kb in length were used to generate the CNV profiles described above, but higher resolution profiles can be generated using 20k bins as well ( Supplementary Fig. 3 and 4) . Replicates for normal diploid and SK-BR-3 genomes show a high degree of reproducibility for these profiles ( Supplementary  Fig. 5 and 6 ). Normal diploid female genome was also sequenced with SMURF-seq using the Rapid Sequencing Kit (Supplementary Fig. 8 ), reducing the time to obtain CNV data and demonstrating SMURF-seq with another library preparation protocol.
Using Illumina technology for WGS, 250k reads are sufficient for accurate and quantitative genomewide CNV profiling [14] . By down-sampling our SMURF-seq data, we verified that 10k reads, approximately 250k fragments, give comparable CNV profiles (Pearson r = 0.98; Fig. 2d and 2e ). Thus multiple samples can be barcoded and multiplexed in a single sequencing run. We sequenced two DNA samples (normal diploid female and SK-BR-3) in a single run. After demultiplexing and mapping the reads, the diploid genome had a flat CNV profile as expected and the SK-BR-3 CNV profile is identical to the gold standard (Pearson r = 0.97; Supplementary Fig. 7) .
We used SMURF-seq with the low cost MinION sequencer to obtain data similar to that expected from typical short-read sequencing and generated high quality CNV profiles from this output. With a fast and simple preparation method and a turnaround time measured in hours, the SMURF-seq approach could provide a highly efficient methodology for research and clinical laboratories where access to large scale sequencing is limited. CNV profiling in the initial evaluation of cancers has become increasingly important in clinical analysis. At present the MinION instrument has the capacity, using SMURF-seq, to multiplex at least 15 barcoded samples for CNV profiling in a single run. With continued improvements to the MinION technology this factor will increase, bringing the cost per sample down further.
Online Methods DNA samples. The normal diploid female DNA was purchased from Promega (Cat. no. G1521). Breast cancer cell line SK-BR-3 (American Type of Culture Collection (ATCC), Cat. no. HTB-30) was cultured in RPMI-1640 medium (Thermo Fisher Scientific, Cat. no. 11875093) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Cat. no. 35011CV) and was maintained at 37 • in a humidified chamber supplied with 5% CO 2 and was regularly tested for mycoplasma infection.
Cell lysis and DNA purification. The DNA from SK-BR-3 cells was extracted and purified with the QIAamp DNA Blood Mini Kit (Qiagen, Cat. no. 51104) following the protocol for cultured cells given by the manufacturer. RNA and proteins in the cells were degraded using RNase A stock solution (100 mg/ml) (Qiagen, Cat. no. 19101) and Protease-K (Qiagen, Cat. no. 19133) respectively. Both purchased female diploid DNA and extracted SK-BR-3 DNA were treated with the same downstream processes.
Fragmenting genomic DNA. 2-3 µg of genomic DNA was fragmented with restriction enzyme Anza 64 SaqAI (Thermo Fisher Scientific, Cat. no. IVGN0644) for 30 min at 37 • . The fragmented DNA was cleaned with the QIAquick PCR purification kit (Qiagen, Cat. no. 8106) and eluted with 34 µl nuclease-free water. The concentration of DNA was quantified on a Qubit Fluorometer v3 (Thermo Fisher Scientific, cat. no. Q33216) with the Qubit dsDNA HS assay kit (Thermo Fisher Scientific, cat. no. Q32854).
Ligation of fragmented DNA. 500 ng of fragmented DNA in 10 µl nuclease-free water was mixed with 10 µl Anza T4 DNA Ligase Master Mix (Thermo Fisher Scientific, Cat. no. IVGN210-4) and incubated for 30 min at room temperature. The ligated DNA was cleaned with 2× volume Ampure XP beads (Beckman Coulter, Cat. no. A63881) and eluted in nuclease-free water. This step was done in multiple tubes if more than 500 ng of fragmented DNA was needed to be ligated. The concentration of DNA was quantified on a Qubit Fluorometer v3 with the Qubit dsDNA HS assay kit to ensure ≥1 µg (≥ 400 ng, if the Rapid kit was used for library preparation) remained. The size of the ligated DNA molecules were assessed with 1% agarose gel electrophoresis run at 90 V for 30 min.
Library preparation (SQK-LSK108 1D DNA by ligation). 1 µg of re-ligated DNA in 45 µl of nucleasefree water was end-repaired and dA-tailed (New England Biolabs (NEB), Cat. no. E7546), followed by elution in nuclease-free water after 1.5× volume Ampure XP beads clean-up. Sequencing adapters (AMX1D) were ligated with Blunt/TA Ligase Master Mix (NEB, Cat.no. M0367) and cleaned with 0.4× volume Ampure XP beads and eluted using 15 µl Elution Buffer (ELB) following the manufacture's protocol (Oxford Nanopore Technologies (ONT), 1D genomic DNA by ligation protocol).
Multiplexed library preparation (EXP-NBD103 and SQK-LSK108). 700 ng of each re-ligated sample in 45 µl of nuclease-free water was end-repaired and dA-tailed (NEB, Cat. no. E7546) and cleaned with 1.5× volume Ampure XP beads and eluted in nuclease-free water. Different Native Barcodes (NB-x) for each sample was ligated with Blunt/TA Ligase Master Mix (NEB, Cat.no. M0367) and cleaned with 2× volume Ampure XP beads and eluted in nuclease-free water. Equimolar amounts of each sample was pooled to have 700 ng of DNA in 50 µl water. Barcode adapters (BAM) was ligated with Quick T4 DNA Ligase (NEB, Cat. no. E6056) and cleaned with 0.4× volume Ampure XP beads and eluted using 15 µl Elution Buffer (ELB) following the manufacture's protocol (ONT, 1D native barcoding genomic DNA).
Library preparation (SQK-RAD003 Rapid sequencing). 400 ng of re-ligated DNA was concentrated with 2× volume Ampure XP beads to 7.5 µl nuclease-free water. DNA was tagmented with Fragmentation Mix (FRA), and Rapid 1D Adapter (RPD) was attached following the manufacture's protocol (ONT, rapid sequencing).
MinION sequencing and base-calling. All the prepared libraries were loaded on R9.5 Flowcells following the manufacture's protocol (ONT) and sequenced for up to 48 hours using the script specific to library preparation protocol. Base-calling and de-multiplexing barcoded reads were performed using ONT Albacore Sequencing Pipeline Software (1.2.6) with the appropriate parameters based on the library preparation kit.
Read alignment. The sequenced reads were mapped to the human reference genome (hg19) with BWA-MEM (0.7.17) with the "-x ont2d -k 1 -W 5" options (Supplementary Note).
Estimation of copy number variations. CNV profiles were generated using the pipeline provided in the supplementary of [12] . The human reference genome (hg19) was split into 5k (or 20k) bins containing the same number of uniquely mappable locations. The counts for each bin was determined from the uniquely mapped fragments, and normalized for GC content using LOWESS smoothing. Bins with spuriously high bin counts ("bad bins") were removed. Circular binary segmentation (CBS) [15] was used to identify breakpoints in the normalized bin counts.
Comparison with published SK-BR-3 data. SK-BR-3 genome sequenced from a population of cells using 100 bp paired-end reads was downloaded from SRA (SRR504589) [16] . The reads were mapped with BWA-MEM using the default parameters, and CNV profiles were generated using the uniquely mapped and properly paired reads. The scatter plots and the Pearson correlations comparing the CNV profiles were produced using R. Figure 1 : Schematic of SMURF-seq protocol. SMURF-seq efficiently sequences short fragments of DNA for read-counting applications with a reference genome on long-read sequencers, and yields up to 30 countable fragments per sequenced read. SMURF-seq sequences short DNA molecules by generating long concatenated molecules from these. SMURF-seq reads are aligned by splitting them into multiple fragments, each aligning to a distinct region in the genome. 
